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esponsibility of ChinAbstract The creep behavior and microstructure of a Ni3Al base single crystal alloy IC6SX with [001]
orientation under the testing conditions of 760 1C/593 MPa, 980 1C/205 MPa, and 1100 1C/75 MPa were
investigated. The experimental results showed that Alloy IC6SX had good creep resistance and its creep
resistance at elevated temperatures was similar to the second generation nickel-base single crystal alloy
containing Re. TEM analysis indicated that the dislocation conﬁguration and movement pattern were
different under different temperature and stress conditions. It has been found that under the test condition
of 1070 1C/137 MPa the dislocations moved within the γ channel during the primary creep stage, and the
motion of dislocations were prevented by the matrix of γ′ phase, which reduced the creep rate of the alloy.
In the secondary creep stage, dislocations cut into the γ′ phase from the γ/γ′ interface. However in the
third creep stage, the dislocation pileups were observed in both γ and γ′ phase, and dislocation
multiplication occurred when the dislocations with different Burgers vector met and reacted each other.
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The evolution of efﬁcient gas turbine engine technology has
brought about increased interest in high temperature creep resistant
materials for the usage of turbine blades and vanes [1–6]. The
nickel base single crystal superalloy is the most important material
for advanced turbine blades. In order to increase the high
temperature creep resistance, the very expensive element rhenium
(Re) is added in the second (containing 3% Re) and third
(containing 5–6% Re) generation nickel base single crystal super-
alloys, respectively. Since the addition of high amount Re in alloysg by Elsevier B.V. All rights reserved.
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superalloys very expensive, and the Re resource in the earth is
very limited, the development of low cost superalloy without Re is
necessary for the materials scientists. A directionally solidiﬁed
Ni3Al-base alloy IC6 without expensive elements was developed
used for advanced jet-engine blades and vanes operating in the
temperature range of 1050–1150 1C [7,8]. The alloy IC6 has some
merits, such as low density (7.9 g/cm3), low cost, high melting
temperature (1315 1C) and high mechanical properties. Alloy IC6
has being successfully used for turbine vanes of aero-engines
[9,10]. In order to further improve the high temperature creep
resistance meeting the requirement of turbine blade material with
the operating temperatures up to 1100 1C, the Ni3Al base single
crystal alloy named as IC6SX has been recently developed based
on the DS alloy IC6. Alloy IC6SX has excellent creep resistance
compared with commercial second generation Ni base single
crystal superalloys. The effects of element content, microstructure,
and the withdrawal rate on stress rupture and creep properties on
Ni3Al-base alloy was studied earlier [11–13]. Hemker studied the
intermediate temperature creep of Ni3Al, and found that primary
octahedral glide, the dislocation mechanism responsible for the
yield strength anomaly, is exhausted by the formation of Kear–
Wilsdorf locks during primary creep [14].
In this paper, the effect of temperature and stress level on the
creep behavior and creep mechanisms of the Ni3Al base single
crystal alloy IC6SX have been investigated.Fig. 1 Creep curves of the alloy under different test conditions.
A
B2. Experimental procedure
The material used for the present study was a Ni3Al base alloy
IC6SX, with a nominal composition of Ni-7.6Al–14Mo (wt%).
The single crystal samples were produced by screw selection
crystal method with the drawing rate of 4 mm/min, and then heat
treated under the condition of 1300 1C/10 h+870 1C/32 h. The
creep specimens with the gauge length of 2770.1 mm and the
diameter of 5.0070.02 mm were cut from the heat-treated
samples. The creep tests were carried out in air by constant load
creep machines under the conditions of 760 1C/593 Mpa, 980 1C/
205 Mpa, 1070 1C/137 MPa and 1100 1C/75 MPa, respectively.
The testing temperature and the ﬂuctuations along the gauge
length were controlled within 71 1C during the testing. The disk
samples for microstructure observation were cut from the gauge
length part of the creep specimens deformed under the above three
different conditions. The morphology and composition of the
creep tested specimens were examined by JSM-5800 scanning
electron microscope (SEM) and Link ISIS 6498 energy dispersive
spectroscopy (EDS). The dislocation conﬁguration of the crept
specimens was observed by JEM-2100F transmission electron
microscope (TEM).Table 1 Tensile stress rupture lives of IC6SX alloy under
1100 1C/130 MPa.
Specimen
No.
Orientation Dev. degree
(deg)
Life (h)
I o0014 8 58:05, 80:00
II o0114 18 88:00, 67:00
III o1114 15 239:35, 108:303. Results and discussion
3.1. Creep behavior of the alloy
The stress rupture lives of the alloy with different orientation under
the testing conditions of 1100 1C/130 MPa are listed in Table 1.
The results show that the specimens have good stress ruptureY-Ni(Mo)
B
first precipitated γ′  
Fig. 2 Back scattered electron image (BSEI) of as-cast IC6SX alloy.
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generation nickel base single crystal superalloys (containing
3% Re).
The creep testing and analysis was performed on Ni3Al speci-
mens with a tensile axis orientation deviated 7–91 from [001]
orientation. The creep curves of the alloys under the testing
conditions of 760 1C/593 MPa, 980 1C/205 MPa, 1070 1C/
137 MPa and 1100 1C/75 MPa are shown in Fig. 1. It can be seen
that, for the curves of 760 1C/593 MPa and 980 1C/205 MPa, the
ﬁrst and second stages of creep process are short, and the third
stage was observed after 10 h creep test. After 100 h creep test, the
creep strain reached to about 0.6–0.7%. However, the creep curves
of 1100 1C/75 MPa show that the ﬁrst creep stage time lasted for
about 20 h and the second stage lasted until the end of the 100 hFig. 3 Microstructure of IC6SX alloy after heat treatment (1300 1C/
10 h+870 1C/32 h).
Fig. 4 Micrographs of the alloy after creep under different conditions for
100nm
γ
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Fig. 5 TEM Micrographs of the alloy after creep under different conditions ftest. Different from the curves of 760 1C/593 MPa and 980 1C/
205 MPa, the third stage was not observed. It has been found that
in the secondary creep stage, the strain rate is about 0.35%, which
is obviously lower than those under 760 1C/593 MPa, 980 1C/
205 MPa. The results indicate that the alloy has long time and
good creep properties under the test condition of 1100 1C/75 MPa.
The creep curve of the specimen under 1070 1C/137 MPa shows a
short ﬁrst and second stage then a long tertiary stage. The second
stage last 9 h and the strain rate is basically stable. After 12 h from
the beginning of creep, the strain rate increased rapidly. The
specimen is broken when the creep time up to 40.5 h.3.2. Microstructure of the alloy before and after creep
The microstructures of the as-cast alloy are shown in Fig. 2,
showing the typical as-cast dendrite structure. The as-cast alloy is
mainly composed of four phases: γ-Ni(Mo), γ′-Ni3(Al,Mo),
Y-NiMo, trace boride, and two types of γ′ phase exist in the
alloy, i.e., eutectic γ′ and precipitated γ′ phase. The total amount
of γ′ phase is about 75% in volume percent and the sizes of
precipitated γ′ phases are 1–3 μm in dendrite arm area B and 0.1–
0.5 μm in interdendritic area A, as shown in Fig. 2(b). The Y-
NiMo phase enveloped by γ′ precipitate in interdendritic area
formed by the reaction of γ-Ni(Mo)-Y-NiMo+γ′-Ni3(Al,Mo).
The experimental results show that the proper homogenizing
treatment of the present alloy was 1300 1C/10 h+870 1C/32 h.
Fig. 3 shows the microstructure of the alloy before creep test. The
microstructure consists of γ and γ′ phase, and the size of γ′ phase is
about 1 μm. It can be seen that the large Y-NiMo phase and γ/γ′
eutectic entirely disappeared in the interdendritic regions after heat
treatment.100 h. (a) 760 1C/593 MPa; (b) 980 1C/205 MPa; (c) 1100 1C/75 MPa.
100nm 100nm
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or 100 h. (a) 760 1C/593 MPa; (b) 980 1C/205 MPa; (c) 1100 1C/75 MPa.
Z. Kong, S. Li208Fig. 4 shows the change of microstructure of IC6SX alloy after
being tested under the conditions of 760 1C/593 MPa, 980 1C/
205 MPa and 1100 1C/75 MPa for 100 h. It can be seen that theFig. 6 Schematic diagram of dislocation network formation in the
single crystal alloy [14].
300nm
300nm
Fig. 7 Dislocation conﬁguration of the alloy in different creep stag
(c) accelerating stages; (d) after failure.directional coarsening of γ′ phase under 760 1C/593 MPa is most
obvious, which belongs to Parallel–Normal coarsening type [15].
No rafted structure was observed for the specimens under 760 1C/
593 MPa, 980 1C/205 MPa, and the rafted γ′ phase was only
observed in the specimen under 1100 1C/75 MPa. During creep,
the cubic γ′ phase is transformed into the rafted structure. Usually,
the kinetics of the γ′ coarsening depends on the thermodynamic
driving force. Because the specimens under 760 1C/593 MPa,
980 1C/205 MPa have higher shear stresses, which can make the
smaller γ′ phases dissolve and the larger ones grow, and the
kinetics are generally controlled by volume diffusion in which the
solute is transferred through the matrix from the shrinking particles
to the growing ones [16].3.3. Observation of dislocation conﬁguration of the crept
specimens
Fig. 5 shows the TEM microstructure of the specimens after creep
for 100 h. It can be seen from Fig. 5(a), a large number of
dislocations generated in the γ channels under 760 1C/593 MPa.
The dislocation in one matrix channel moves into the other matrix
channels subjected to compression stress by means of cross-slip
[17,18].
It can be seen from Fig. 5(b) that in the specimens tested under
the condition of 980 1C/205 MPa, dislocation is activated and
multiplied by dislocation reactions along the horizontal channels
(shown in the arrow A). High-density dislocation networks are
generated in the γ channels. The schematic diagram of dislocation
networks are shown in Fig. 6 [16], dislocations of b1 and b2, with
different Burgers vector, meet and generate a new dislocation b3.200nm
300nm
es under 1070 1C/137 MPa. (a) Primary stages; (b) steady stages;
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for creep resistance because the mobile dislocations will be
hindered by other dislocations which slipped on the different
orientations.
At the same time, the dislocations are observed at the γ/γ′
interface in the longitudinal channel (shown in the arrow B) and
dislocation networks are not observed. The reasons of this
phenomenon is that the vertical tensile stress acts on the horizontal
channel, which enables it expansion and wider to both sides.
Contrary to the horizontal channel, longitudinal channel is
squeezed and the width is narrow [19,20]. In the horizontal
channels, the dislocations pile up and result in stress concentration.
When the stress concentration reaches a certain level, movement
dislocations cut into the γ′ phases and result in the decrease of
creep properties. The results above indicate that the dislocation in
one matrix channel can not only moves into the other matrix
channels subjected to compression stress by means of cross-slip,
but also cut through the γ′ particles under the creep test condition
of 980 1C/205 MPa for 100 h.
It can be seen from Fig. 5(c) that the dislocation walls and
dislocation tangles were formed at the interface of γ′/γ by large
amounts of dislocation glide. For example, the dislocations A,B,C,
D and E cut into the γ′ matrix, and meet in F region (shown by the
arrow). Because of the low stress is not enough to drive
dislocations continuously, the dislocation walls and dislocation
tangles exist mainly at the interface of γ′/γ.
Fig. 7 shows dislocation conﬁguration of the alloy in different
creep stages under 1070 1C/137 MPa. It can be seen from Fig. 7(a)
that dislocations moved in the γ channel in the ﬁrst stage, and the
motion of dislocations were prevented by the γ′ matrix. The
formation of ﬁne and continuous γ′ phase provides an ideal
structure for creep resistance because the mobile dislocations will
be hindered from passing these γ′ phase. When the creep time up
to the second stage, the density of dislocations in the γ channels
increases and dislocations block each other, as shown in Fig. 7(b).
APB (anti-phase boundary) can be observed in the γ′ phases. The
formation of APB can be attributed to the high stress. Although the
test was carried out at constant load, the true stress increased
rapidly during the creep. The increasing of stress makes disloca-
tions cut into the γ′ particles and APB formed easily.
Fig. 7(c) shows the microstructure of the tertiary stage of the creep
specimen. It can be seen that, in the stage, the dislocation multiplication
occurred when dislocations with different Burgers vector meet and
react. With the increasing of dislocations in the γ′ matrix, the
invigoration effect of γ′ matrix are reduced and the strain rate increase
rapidly resulting in fracture. Fig. 7(d) shows the microstructure of
specimen after failure. It can be seen that a lot of dislocations cut into
the γ′ particles and the rafted γ′ phase has been damaged.4. Conclusions1) An investigation on the creep behavior and microstructure of
Ni3Al base IC6SX alloy with [001] orientation during creep
deformation under 760 1C/593 MPa, 980 1C/205 MPa and
1100 1C/75 MPa was conducted. For the test conditions of
760 1C/593 MPa and 980 1C/205 MPa, the ﬁrst and second
stages of creep process are short and the creep strain can
reach to about 0.6%–0.7%. However, the creep curve of the
alloy under 1100 1C/75 MPa has no third stage and the strain
rate is about 0.35%. The results indicate that the alloy there is
good creep properties at elevated temperature.2) TEM observations indicate that the dislocation conﬁguration
and movement pattern are different under the different test
conditions. The dislocation moves in γ channel by means of
cross-slip under 760 1C/593 MPa. The dislocation in one
matrix channel can not only moves into the other matrix
channels by means of cross-slip, but also cut into the γ′
particles under 980 1C/205 MPa for 100 h. The dislocation
walls and dislocation tangles exist mainly at the interface of γ
′/γ under 1100 1C/75 MPa. The test results under 1070 1C/
137 Mpa show that dislocation move in the γ channel in the
primary stage, and cut into the γ′ phase from the γ/γ′ interface
in the secondary stage. In the tertiary creep stage, dislocation
pileup is observed in the γ channel and γ′ phase, and
dislocation multiplication occurred.Acknowledgments
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